An alternative method is investigated for the preparation of Si-rich SiO 2 films used for the fabrication of light-emitting Si nanocrystal structures. The technique, helicon-activated reactive evaporation ͑HARE͒, combines e-beam evaporation of silicon with plasma activation of a reactive argon-oxygen atmosphere, and has the advantage of being able to produce thick, H-free films suitable for planar photonic device applications. The nanocrystal-rich films were formed by annealing as-deposited films at 1100°C for 1 h. Room temperature photoluminescence was then measured and compared with that from ion-implanted samples annealed under similar conditions. The HARE-deposited films exhibited strong visible luminescence for a range of excess Si concentrations, demonstrating their potential for the manufacture of such materials. The films also exhibited a concentration dependence comparable to that of ion-implanted samples: the luminescence intensity initially increased with excess Si concentration up to a maximum before decreasing with increasing concentration thereafter. The cause of the decrease at higher concentrations is briefly discussed. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1354668͔
Since Canham 1 first observed strong visible luminescence from porous silicon in 1990, its use for optoelectronic devices has been extensively investigated. Unfortunately, its fragile mechanical properties and unstable luminescence make porous silicon unsuitable for many practical applications. However, nanometre-sized Si crystallites also exhibit strong room temperature luminescence and when embedded in a dielectric layer, such as SiO 2 , provide a mechanically robust and optically stable material suitable for device applications. There is, therefore, considerable interest in this material system and its optical properties.
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Si nanocrystals can be prepared in a variety of ways, including: plasma deposition from silane, 7, 8 silicon-ion implantation into SiO 2 , 2,9 crystallization of amorphous silicon, 10 cosputtering of Si and SiO 2 , 11 reactive ion etching. 12 In this work, an alternative method, heliconactivated reactive evaporation ͑HARE͒ 13 is employed. This technique combines e-beam evaporation of silicon with plasma activation of a reactive argon-oxygen atmosphere by a high density helicon plasma source. The silicon vapor evaporated from a crucible is partially ionized as it passes through the helicon plasma source before condensing on the substrate. The plasma also enhances the reactivity of the atmosphere by ionizing and dissociating oxygen molecules and produces ion bombardment of the growing film to hinder columnar growth. In this way, high quality silica films can be grown at very low temperatures ͑typically below 200°C͒. Importantly, the technique is also capable of producing hydrogen-free films because unlike plasma-enhanced chemical vapor deposition, which typically relies on the decomposition of SiH 4 and N 2 O, it employs hydrogen free materials. This is important for photonic device applications where H-related absorption can be a limitation and for photoluminescence studies, where the presence of H is known to strongly influence the luminescence intensity. 14 This letter compares Si-nanocrystal based photoluminescence ͑PL͒ from samples produced by HARE and by ion implantation. Since ion implantation represents one of the most widely used and promising techniques for nanocrystal fabrication, 8, 14, 18 a comparison of samples made by these two techniques is a convenient way of assessing the quality of material made by the HARE technique.
Oxygen deficient silica films were grown at approximately 90 nm/min in the HARE reactor described in detail elsewhere. 13 In the present work, silicon was evaporated by a 10 kV, 0.3 A electron beam into an argon-oxygen plasma generated by applying 400 W rf power to the antenna at 13.56 MHz. The argon flow rate was kept constant at 3 sccm ͑corresponding to a pressure of 0.3 mTorr in the process chamber͒, while the oxygen flow was varied to obtain films with a range of stoichiometries. During deposition the pressure in the process chamber was 0.5 mTorr and the sample temperature was typically less than 200°C. 13 The thickness a͒ Electronic mail: smc109@rsphysse.anu.edu.au APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 12 19 MARCH 2001 of the films was subsequently checked by ellipsometry and a prism coupler, and was found to be around 500 nm. For comparison, 1 m thick thermal oxide layers, grown on ͑100͒Si wafers, were implanted at room temperature with 400 keV Si ions to doses in the range from 1ϫ10 17 to 6 ϫ10 17 cm Ϫ2 , corresponding to about 5% to 30% excess Si, respectively. Both sets of samples were then annealed at 1100°C for 1 h in a N 2 ambient to nucleate and grow Si crystallites.
Samples were measured before and after annealing with Fourier-transform infrared ͑FTIR͒ spectroscopy and PL. FTIR measurements were conducted at room temperature using a Nicolet IMPACT 400 model spectrometer operating over the wave number range 400-4000 cm Ϫ1 . PL spectra were measured at room temperature using the 488 nm line of an Ar ion laser as the excitation source. The PL emission was collected using a lens to focus the light into a quartz light pipe. This was passed through a single grating monochromator ͑digikrom model DK480͒ and detected with a GaAs photomultiplier tube ͑Hamamatsu R943-02͒. Standard lock-in detection techniques were used to maximize the signal-to-noise ratio and all spectra were corrected for the system response. Figure 1 shows FTIR spectra for as-deposited Fig. 1͑a͒  and annealed Fig. 1͑b͒ HARE samples. Three peaks are evident in the spectra, which span the wave number range from 400 to 1600 cm
Ϫ1
. The main absorption peak, located at 1075 cm Ϫ1 , is associated with the Si-O-Si stretching mode, whilse those at 820 and 475 cm Ϫ1 correspond to bending and rocking modes, respectively. For both as-deposited and annealed samples, the absorption decreases with increasing Si fraction due to the lower fraction of Si-O-Si bonds. The frequency of the main peak also shifts from 1075 cm Ϫ1 ͑stoi-chiometric SiO 2 ) to 970 cm Ϫ1 ͑60 at % excess Si͒ as the excess Si concentration increases, consistent with the increasing probability for Si-Si bonds and associated changes in the Si-O-Si stretching frequency. 15 After annealing, the relative magnitude of the main absorption peaks remains unchanged, reflecting the fact that the stoichiometry is unchanged by annealing ͑i.e., there is no further oxidation of the excess Si͒, but the peaks now show a much smaller shift with increasing Si content. This is consistent with formation of Si precipitates since their formation returns the surrounding material to stoichiometric SiO 2 . Spectra from implanted silica samples ͑not shown͒ do not change significantly with increasing implant dose because the implanted volume represents a small fraction of the SiO 2 film thickness. Figure 2͑a͒ shows PL spectra for as-deposited HARE samples having nominal excess Si concentrations of 4, 8, and 20 at. %, and for an as-implanted sample with a peak excess Si content of 10 at. %. The spectra from the 8 at. % HARE sample and the 10 at. % implanted sample both show a broad emission peak centered around 670-720 nm. This peak has previously been attributed to defect emission in the SiO 2 matrix. 16 Importantly, the maximum defect emission from the HARE samples is much weaker than that from implanted samples, and for excess Si concentrations less than 8 at. % it is almost negligible. This implies that the HARE-deposited films contain fewer defects than their implanted counterparts. For HARE samples with an excess Si content of 20%, the emission peak is weak and centered at ϳ800 nm. Emission at this wavelength is normally attributed to Si nanocrystals, implying that nanocrystals are present in as-deposited HARE films for high excess Si concentrations.
Following annealing at 1100°C, HARE and ionimplanted samples show a single broad PL emission peak centered at around 800-840 nm, consistent with the presence of Si nanocrystals ͓Fig. 2͑b͔͒. The peak emission wavelength is known to depend on the size distribution of the Si nanocrystals and shifts to longer wavelengths ͑redshift͒ as the crystallites increase in size. 4 The PL emission intensity is also expected to decrease for larger crystallites due to a reduction in the transition probability for exciton recombination as the crystallites become more bulk like. 17 Figure 2͑b͒ shows that the emission intensity is similar for the HARE sample containing 8 at. % excess Si and the ion-implanted sample containing 10 at. % excess Si. The spectrum from the HARE sample is slightly redshifted relative to the implanted sample, suggesting slightly larger nanocrystals in this case. The HARE sample has an 8 at. % Si excess throughout its 500 nm thickness, corresponding to a total excess areal density of 2.6ϫ10 17 Si.cm Ϫ2 , slightly higher than that of the implanted sample which was implanted with 2.0ϫ10 17 Si/cm
Ϫ2
. Implanted samples have a skewed Gaussian distribution of excess Si with a peak excess concentration of 10 at. % and a full width at half maximum of approximately 400 nm. A considerable fraction of the implanted volume therefore has an excess Si concentration less than 8 at. %. The higher average concentration in the HARE sample would favor the formation of larger nanocrystals, consistent with the observed redshift. Figure 3 compares the PL emission intensity for HARE and ion-implanted samples as a function of excess Si concentration. Clearly the trends are similar for both sample sets-the intensity initially increases with increasing Si concentration, reaches a maximum for an excess Si concentration of ϳ8-10 at. %, and then decreases at higher concentrations. The intensity is expected to increase initially due to the increasing number of nanocrystals in the film. The reason for reduction in intensity at higher concentrations is less clear, however, there are several possibilities. For example. ͑a͒ the decreasing transition probability for larger crystallites, ͑b͒ the increasing probability for nanocrystal-nanocrystal interactions and the possibility of energy transfer to nonradiative crystallites, and ͑c͒ the increasing probability for defects in larger crystallites.
The oscillator strength can be shown 17 to scale approximately at d Ϫ2.25 , where d is the nanocrystal diameter. Hence a doubling in particle size is expected to result in a ϳ4-5 fold reduction in emission intensity. 17 Dipole-dipole interactions provide a very efficient mean of transferring energy between closely spaced nanocrystals 18 and since a large fraction of the large nanocrystals are optically inactive, 18 such energy transfer would be expected to reduce the total emission intensity. For an excess Si concentration of 10 at. %, and assuming that all of the excess atoms precipitate into nanocrystals of average size 3 nm, 19 the interparticle separation is ϳ2 nm. Since the dipole-dipole interaction scales with r Ϫ6 , 20 where r is the interparticle separation, a rapid decrease in emission intensity is predicted with increasing particle concentration. Finally, the probability of a crystallite containing a defect is expected to scale with the crystal volume, producing a reduction in intensity that scales with r Ϫ3 . ͑NB: the influence of interface defects between the crystallite and surrounding oxide would scale with r Ϫ2 ). Comparison with these models requires detailed particle sizing information and is complicated by the broad size distribution of nanocrystallites present in the samples. Further work is required before a meaningful quantitative comparison can be undertaken. However, it is clear that a reduction in emission intensity for high excess Si concentrations is expected.
In summary, it has been shown that HARE can be used to produce Si-rich SiO 2 layers suitable for the fabrication of Si-nanocrystal-rich films. As-deposited films were shown to contain a much lower concentration of optically active defects than similarly doped ion-implanted films. After suitable annealing, the HARE films exhibited strong nanocrystalbased luminescence similar to that from ion-implanted samples. The dependence of the luminescence intensity on excess Si concentration was also shown to be similar to that for ion-implanted films, initially increasing with increasing concentration before reaching a maximum and decreasing with concentration thereafter.
